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Abstract

Ergothioneine (ET) is a naturally occurring antioxidant that is synthesized by non-yeast fungi and certain bacteria. ET is not
synthesized by animals, including humans, but is avidly taken up from the diet, especially from mushrooms. In the current
study, we elucidated the effect of ET on the hCMEC/D3 human brain endothelial cell line. Endothelial cells are exposed to
high levels of the cholesterol oxidation product, 7-ketocholesterol (7KC), in patients with cardiovascular disease and diabetes,
and this process is thought to mediate pathological inflammation. 7KC induces a dose-dependent loss of cell viability and an
increase in apoptosis and necrosis in the endothelial cells. A relocalization of the tight junction proteins, zonula occludens-1
(Z0O-1) and claudin-5, towards the nucleus of the cells was also observed. These effects were significantly attenuated by ET.
In addition, 7KC induces marked increases in the mRNA expression of pro-inflammatory cytokines, IL-1f IL-6, IL-8, TNF-a
and cyclooxygenase-2 (COX2), as well as COX2 enzymatic activity, and these were significantly reduced by ET. Moreover,
the cytoprotective and anti-inflammatory effects of ET were significantly reduced by co-incubation with an inhibitor of the
ET transporter, OCTN1 (VHCL). This shows that ET needs to enter the endothelial cells to have a protective effect and is
unlikely to act via extracellular neutralizing of 7KC. The protective effect on inflammation in brain endothelial cells suggests
that ET might be useful as a nutraceutical for the prevention or management of neurovascular diseases, such as stroke and
vascular dementia. Moreover, the ability of ET to cross the blood-brain barrier could point to its usefulness in combatting
7KC that is produced in the CNS during neuroinflammation, e.g. after excitotoxicity, in chronic neurodegenerative diseases,
and possibly COVID-19-related neurologic complications.
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The pathological accumulation of cholesterol oxidation
products or oxysterols occurs in many major chronic dis-
eases. One of the main oxysterols is 7-ketocholesterol (7KC),
which is formed by oxygen radical attack on cholesterol.
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7KC can be derived from the diet or via endogenous produc-
tion within the body and is associated with many diseases
and disabilities of ageing (Anderson et al. 2020). Serum
7KC concentrations are significantly higher in subjects with
coronary artery disease compared to healthy controls, and
their levels are correlated with the inflammatory marker,
C-reactive protein (Hitsumoto et al. 2009). In another study,
serum 7KC levels were associated with increased risk of
cardiovascular events and mortality in patients with stable
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coronary artery disease (Song et al. 2017). Elevated plasma
7KC levels are associated with the incidence of cardiovascu-
lar disease in a population-based cohort (Wang et al. 2017),
and increased 7KC level is found in patients with hypercho-
lesterolemia or diabetes (Murakami et al. 2000). Serum 7KC
levels are reduced by statins, oral hypoglycaemic agents
and antihypertensive agents in patients with type 2 diabe-
tes (Samadi et al. 2019). Levels of 7KC are also elevated
in cerebral cortical tissue from Alzheimer’s’ Disease (AD)
patients (Testa et al. 2016) and in the rat hippocampus after
kainate-induced excitotoxicity (W. Y. Ong et al. 2003; He
et al. 2006; Kim et al. 2010).

There is much interest in the effects of 7KC on different
cell types in the cardiovascular system, including endothe-
lial cells, smooth muscle cells, cardiac myocytes, red blood
cells and macrophages. Treatment of human umbilical vein
endothelial cells (HUVEC) with 7KC results in increased
expression of the cell adhesion molecules E-selectin,
ICAM-1 and VCAM-1, and increased interactions between
the endothelial cells and human monocytic THP-1 cells
(Tani et al. 2018). 7KC also increases the expression of
endoglin, resulting in increased adhesion and transmigra-
tion of monocytes across human aortic endothelial cells
(HAECs) (Vicen et al. 2019). 7KC damages endothelial
cells and increases the expression and release of clotting
protein, von Willebrand factor (W. Li et al. 2011). It also
increases the expression of the proatherogenic protein pro-
filin-1 in aortic endothelial cells (Romeo and Kazlauskas
2008). In addition, 7KC blocks the release of nitric oxide
from vascular endothelial cells, which leads to inhibition
of arterial relaxation (Deckert et al. 2002). Moreover, 7KC
increases the number of pores or fenestrations in liver sinu-
soidal endothelial cells (Svistounov et al. 2012; Hunt et al.
2019). High concentrations of 7KC induce ROS production,
ATM/Chk2, ATR-Chk1 and p53 signalling pathways, GO/G1
cell cycle arrest and apoptosis in endothelial cells (Chang
et al. 2016). There is also evidence that 7KC could induce
death of endothelial cells by necrosis (Ghelli et al. 2002;
Hans et al. 2008).

Ergothioneine (ET) is a naturally occurring antioxi-
dant that is found in non-yeast fungi and certain bacteria
(reviewed by (Halliwell et al. 2018)). ET is not synthesized
by animals but is avidly taken up from the diet (Cheah et al.
2017). The major dietary source of ET is from mushrooms.
However, other foods, such as asparagus and tempeh (fer-
mented soya bean), may contain high levels of ET, which
is most likely due to a symbiotic relationship between
plants and soil fungi or bacteria (Halliwell et al. 2018). ET
enters cells via the organic cation transporter novel type-1
(OCTN1). This transporter, which has a high degree of
specificity for ET (Grigat et al. 2007; Grundemann et al.

2005; Tucker et al. 2019), is also present on the blood—brain
barrier (BBB). It facilitates the entry of ET into the CNS
where the compound has been detected in human cerebro-
spinal fluid and post-mortem brain samples (Halliwell et al.
2018). ET can accumulate in the body at up to millimolar
concentrations and is believed to function as a physiologi-
cal cytoprotectant. Studies show that it can accumulate in
organs, cells and secretions that are exposed to high levels of
oxidative stress and inflammation (Tang et al. 2018). In vitro
assays show that ET is a powerful scavenger of hydroxyl
radicals (OH), hypochlorous acid (HOCI) and peroxynitrite
(ONOO-) (Akanmu et al. 1991). Moreover, silencing of
OCTNI in HeLa cells leads to increased oxidative burden
on mitochondria and mitochondrial DNA damage (Paul and
Snyder 2010). OCTN1 knockout mice are more susceptible
to oxidative stress and inflammation, as demonstrated by
higher lethality in OCTN1 knockout mice to intestinal rep-
erfusion injury (Kato et al. 2010). ET has also been shown
to inhibit IL-1p-induced expression of vascular and intra-
cellular adhesion molecules in endothelial cells (Anticoli
et al. 2010).

The ability of ET to cross the BBB and to act as an anti-
oxidant and cytoprotectant makes it a potential therapeutic
option for neurodegenerative diseases, where disease pro-
gression is often driven by oxidative stress (Halliwell 2006;
Butterfield and Halliwell 2019). There is also a possibility
that it could modulate neurovascular diseases by reducing
damage to brain endothelial cells. Thus far, however, little
is known about the effect of ET on 7KC-induced injury in
endothelial cells. The purpose of this study is to examine the
effect of ET on 7KC-induced damage in hCMEC/D3 brain
endothelial cells, in the hope of reducing damage to these
cells when they are exposed to 7KC.

Materials and Methods
Ergothioneine/Chemicals

ET was kindly provided by Tetrahedron (14 Avenue de
I’Opera, Paris, France). Based on dose response studies of
the effect of 7KC, endothelial cells were pre-treated with
0.1, 1.0 or 10 mM ET for 1 h followed by co-incubation
with 30 pM or 50 pM 7KC for 24 h before analyses. These
concentrations of ET are comparable to that used for other
cell culture studies (G. Li et al. 2010). In some experiments,
the OCTNI1 inhibitor Verapamil Hydrochloride (VHCI) was
purchased from Sigma-Aldrich (St. Louis, USA) and used
as an inhibitor of ET entry into Human Cerebral Microvas-
cular Endothelial Cells (hnCMEC/D3), at a concentration of

100 M.
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Cells and Culture

hCMEC/D3 brain endothelial cells were obtained from EMD
Millipore (Temecula, CA, USA), and cultured as described
previously (B. B. Weksler et al. 2005). This cell line was
isolated from human temporal lobe microvessels and was
shown to preserve typical brain endothelial cell properties,
such as tight junction protein expression and localization,
receptor expression and selective permeability, establish-
ing its suitability as a simple blood—brain barrier model (B.
Weksler et al. 2013). All experiments were carried out on
hCMEC/D3 cells from passages 5 to 15. Cells were seeded
in flasks coated with collagen and maintained humidified at
37 °Cin 5% CO, atmosphere in Endothelial Basal Medium
(EBM-2, Lonza, USA) supplemented with HyClone™
Antibiotic/Antimycotic Solution (1x, Thermal Fisher Sci-
entific, USA) and EGM-2MV kit from Lonza (USA), which
includes foetal bovine serum (5%), hydrocortisone, human
fibroblast growth factor-beta (hFGF-f), vascular endothe-
lial growth factor (VEGF), R3-Insulin-like Growth Factor-1
(R3-IGF-1), ascorbic acid, human Epidermal Growth Factor
(hEGF) and Gentamicin/Amphotericin-B (GA). Cells were
grown to confluence and pre-treated with ET alone or ET
with VHCI for 1 h, followed by addition of 7KC or ethanol
(vehicle control). Cells were assessed 24 h after treatment
for gene expression, immunocytochemistry or enzymatic
assays, or in real time for cell barrier function assay.

Trypan Blue Cell Viability Assay

Trypan blue exclusion method was employed to assess the
effects of 7KC and neuroprotective agents on cell viability.
Viable cells exclude the dye while nonviable ones do not,
differentiating live from dead cells. After washing twice
with 1 XPBS, cells were detached with 0.25% trypsin/EDTA
(Omega Scientific, USA) for 5 min. An equivalent amount of
EBM-2 was added, followed by centrifuging at 1000 X g for
5 min and re-suspending in culture media. 0.4% trypan blue
(Thermo Fisher Scientific, USA) was mixed with the cell
suspension in a ratio of 1:1 and loaded into a cell counting
chamber for visualization. Live cell counts with diameter
gated at 10 pm were determined using an automated cell
counter (TC10, Bio-Rad, USA).

MTS Assay

Cells were pre-treated with vehicle control or ET for 1 h,
then treated with 7KC at different concentrations (0 pM,
1 pM, 10 pM, 30 pM, 50 pM or 100 pM 7KC). After 24 h,
20 pL CellTiter AQueous One Solution (MTS cell prolifera-
tion assay, Promega, USA) was added to each well. Absorb-
ance was read at 490 nm using the Tecan Microplate Reader
(Tecan, Switzerland).

@ Springer

Immunocytochemistry

Immunofluorescence staining of tight junction proteins was
carried out to determine possible changes in cellular distri-
bution of these proteins after 7KC treatment. Wells in dupli-
cate were briefly washed with 1 X PBS, fixed with 4% para-
formaldehyde for 15 min and washed again with 1 X PBS.
Fixed cells were permeabilized with 0.3% Triton-X-100 in
PBS and blocked with 6% horse or goat serum in PBS-Tx
for 1 h before incubating in primary antibodies for 4 h at
room temperature. Mouse anti-ZO1 antibody (1:500, Cat#
ab61357, Abcam, Cambridge, UK) was used in combination
with rabbit anti-claudin-5 antibody (1:100, Cat# 34-1600,
Invitrogen, USA) or rabbit anti-occludin antibody (10 pg/
mL, Cat# PA5-20,755, Invitrogen, USA) and stained with
anti-mouse and anti-rabbit secondary antibodies conjugated
with CY3 and FITC, respectively, (1:200, Thermo Fisher
Scientific, USA) for 30 min with PBS washes in between
and after. Immunostained coverslips were mounted on glass
slides using Fluoroshield Mounting Medium with DAPI
(Cat# ab104139, Abcam, UK). Images were captured with
a 40X objective using excitation wavelengths of 405 nm
(DAPI), 488 nm (FITC) and 543 nm (CY?3) using a confo-
cal microscope (Olympus, Tokyo, Japan).

Apoptosis/necrosis Assay by Flow Cytometry

An apoptosis/ necrosis assay (ab176749, Abcam, Cam-
bridge, UK) was performed using flow cytometry to quantify
apoptotic and necrotic cells. Cells were first detached, and
cell pellets were washed with PBS. They were incubated for
1 h with the stain in the absence of light before conducting
flow cytometry analysis. Apoptosis was quantified using a
phosphatidylserine sensor which emits green fluorescence
upon binding to membrane phosphatidylserine. Necrosis was
quantified using 7-AAD, a red membrane-impermeable dye
labelling the nucleus, demonstrating late-stage apoptosis
or early necrosis. Flow cytometry measurements were per-
formed using a BD Accuri™ C6 personal flow cytometer
(BD Biosciences, USA) with 20,000 cells per sample for
analysis. The FL1 channel was used to quantify apoptosis
(PS sensor, ExX/Em =490/525 nm), and the FL2 channel was
used to quantify necrosis (7-AAD, Ex/Em =546/647 nm).

Quantitative RT-PCR

Cells were collected and stored as cell pellets. Total RNA was
isolated using the RNeasy® Mini kit (Qiagen, Germany) as
per the manufacturer’s instructions. 1000 ng RNA was reverse
transcribed to produce cDNA (High-Capacity cDNA Reverse
Transcription Kit; Applied Biosystems, USA) at 25 °C for
10 min, 37 °C for 30 min and then 85 °C for 5 min, using
a T-Personal Thermocycler (Biometra, Germany). qPCR
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was carried out to quantify gene expression of tight junction
proteins (ZO-1: Hs01551861_m1, claudin-5: Hs01561351_
ml, occludin: Hs01561351_m1), Nitric Oxide Synthase
(NOS) (inducible NOS: Hs01075529_m1, endothelial NOS:
Hs01574665_m1) and pro-inflammatory genes (IL-1p:
Hs01555410_ml, IL-6: Hs00174131_m1, IL-8: Hs00174103_
ml, COX-2: Hs00153133_m1, TNFa: Hs00174128_ml,
Nuclear Factor Kappa B (NFkB): Hs00765730_m1, p65:
Hs01042014_m1). TagMan Universal PCR Master Mix
(Applied Biosystems, USA), with TagMan Gene Expression
Assay Probes obtained from Applied Biosystems (USA), was
used for gPCR. The housekeeping gene used was B-Actin
(Hs99999903_m1). Analysis was done using the 7500 Real-
time PCR System (Applied Biosystems, USA). The PCR reac-
tion conditions were as follows: 95 °C for 10 min, 40 cycles
of 95 °C for 15 s and 60 °C for 1 min. The comparative CT
(AACT) method was used to determine the relative mRNA
expression of genes of interest.

COX-2 Enzymatic Activity Assay

Cyclooxygenase 2 (COX2) activity was measured using a
cyclooxygenase activity assay kit (Fluorometric) (ab204699)
from Abcam (Cambridge, UK). Cells were detached and
washed, before addition of lysis buffer (1% NP-40 contain-
ing EDTA-free protease—phosphatase inhibitor cocktail). Cell
lysates were centrifuged at 12,000 x g, 4 °C for 3 min, and the
supernatant was collected for the assay. After the preparation
of reagents and samples on a 96-well black clear bottom plate,
an arachidonic acid/NaOH solution was added to each well
using a multichannel pipette to start the reaction in each well
at the same time. Fluorescence (Ex/Em=1535/587 nm) was
measured in a kinetic mode using the Tecan Microplate Reader
(Tecan, Switzerland) reading every minute for> 1 h.

Statistical Analysis

Results are presented as mean + standard error of mean
(SEM) for all groups. Comparisons made in the MTS cell
proliferation assay were made using two-way ANOVA
with Bonferroni post hoc correction. Comparisons between
groups for gene expression, COX2 activity and apoptosis/
necrosis were made using one-way ANOVA with Bonfer-
roni post hoc correction. P <0.05 was considered significant.

Results

7KC Induces Cell Death and Loss of Viability
in hCMEC/D3 Cells and Protective Effect of ET

The toxicity of 7KC manifested as loss of viable cells by
the Trypan Blue assay. Increasing concentrations of 7KC

were found to cause a dose-dependent loss of cell viabil-
ity in endothelial cells with an approximate ICs;, of 10 uM
(Fig. 1a). This effect was significantly attenuated by co-
treatment of cells with ET (Fig. 1b).

Likewise, 7KC was found to significantly reduce cell via-
bility in endothelial cells by the MTS assay with an approxi-
mate ICs, of 30 uM (Fig. 2a). This effect was significantly
attenuated by co-treatment of cells with ET (Fig. 2b).

Apoptosis/Necrosis Assay by Flow Cytometry

7KC was found to significantly increase the number of phos-
phatidylserine-positive or 7-AAD-positive cells, indicating
induction of apoptosis and necrosis in these cells, respec-
tively. ET by itself had no significant effect on apoptosis or
necrosis. However, it significantly modulated the induction
of apoptosis and necrosis after addition of 7KC (Fig. 3).

Quantitative RT-PCR and Immunocytochemistry
of Z0-1, Claudin-5 and Occludin

No significant changes in mRNA expression of endothe-
lial tight junction proteins, ZO-1, claudin-5 or occlu-
din, were detected after 7KC or ET treatment (Fig. 4).
However, a relocalization of these proteins towards the
nucleus of the cell was found after treatment with 7KC by
immunocytochemistry.

ET by itself had no significant effect on mRNA expres-
sion of ZO-1, claudin-5 or occludin. However, it modulated
the central concentration of the tight junction proteins ZO-1
and claudin-5 after addition of 7KC (Fig. 5).

Quantitative RT-PCR of eNOS and iNOS

No significant changes in mRNA expression of endothe-
lial nitric oxide synthase (eNOS) or inducible nitric oxide
synthase (iNOS) were detected after treatment with 7KC
alone. Treatment with 7KC and ET resulted in a significant
increase in eNOS expression (Fig. 6).

Quantitative RT-PCR of Inflammatory Genes

7KC was found to significantly increase the expression
of the pro-inflammatory genes IL-1, IL-6, IL-8, TNF-a,
NF-kB and COX-2 by quantitative RT-PCR (Figs. 7 and 8).
ET by itself had no significant effect on mRNA expression
of these pro-inflammatory genes. However, ET significantly
attenuated the increase in pro-inflammatory gene expres-
sion after addition of 7KC. The effect of ET was blocked
by the ET transporter inhibitor VHCI, indicating that this
compound needs to be taken up into the endothelial cells to
have its anti-inflammatory effect (Fig. 8).
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Fig. 1 a Effect of 7KC on
endothelial cells in culture,
determined using the trypan
blue dye exclusion assay. a
dose-dependent cytotoxic-
ity of 7KC. hCMEC/D3 cells
were treated with at 0-50 pM
7KC for 24 h. Cell viability
is expressed as percentage
viability from Vehicle Control.
The oxysterol induced sig-
nificant loss in viable cells at
30-100 pM. Data are repre-

sented as mean+S.E.M. (n=4).

b protective effect of ET on
7TKC cytotoxicity. \(CMEC/D3
cells were pre-treated with dif-
ferent concentrations of ET for
1 h, followed by co-treatment
with 7KC for 24 h. Co-treat-
ment of cells with ET results
in modulation of 7KC-induced
loss of viable cells. Data are
represented as mean=+S.E.M.
(n=4). * Significant difference
compared to 7KC (p<0.01)
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7KC induced significant increase in the COX-2 activity.
ET by itself had no significant effect on COX-2 activ-
ity. However, it significantly attenuated the increase in
COX-2 activity induced by 7KC (Fig. 9).
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ET ET ET ET VHCI + vVC
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+7KC +7KC 7KC 7KC
Discussion

This study was carried out to elucidate the possible effects
of 7KC on brain endothelial cells, and effects of ET on such
damage. 7KC was found to be toxic to brain endothelial cells
in culture. The oxysterol induced significant reduction in
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Fig.2 a Effect of 7KC on A
endothelial cells in culture,

determined using the MTS

assay. a dose-dependent

cytotoxicity of 7KC. hCMEC/

D3 cells were treated with at 100
0-100 uM 7KC for 24 h. Cell
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number of viable cells as shown by cell counts and MTS
assay at 30 pM and above. It is possible for 7KC to be accu-
mulated to concentrations above 100 uM in atherosclerotic
lesions (Brown et al. 2000); hence, the 7KC concentrations
tested in this study are reflective of potential physiological
7KC levels. The observed 7KC-induced reduced cell viabil-
ity are also supported by findings in other endothelial cell
lines, including Eahy926 (EAHY) endothelial cells (Chang
et al. 2016) and human aortic endothelial cells (Chalubinski

— [T

0 50

7-Ketocholesterol (uM)

et al. 2013). A similar trend was observed in a previous
study, where treatment for 24 h with a 7KC concentration
of 25 pM (with serum restriction) led to a decrease in cell
viability by 55%, and at 50 pM, cell viability dropped by
nearly 75% (Rosa-Fernandes et al. 2017). Our results show
that this loss of cell viability can be attenuated by ET, and
co-treatment of cells with ET and 7KC resulted in signifi-
cant increase in percentage of surviving cells. No changes
in mRNA expression of ZO-1, claudin-5 or occludin, which
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Fig.3 a Mode of cell death

of hCMEC/D3 human brain A
endothelial cells after 30 pM

7KC and ET treatment, deter- 3
mined by flow cytometry. a Plot
showing effect of 7KC. The
oxysterol induced significant
increase in percentage of cells
that are labelled for phosphati-
dylserine, indicating apoptosis. 2
At the same time, the oxysterol
increased another population
of cells that were labelled with
7-AAD, indicating necrosis.
Yet a third population of cells
showed neither the apoptotic 1

2.5

1.5

Fold Change

nor necrotic marker. b ET by
itself had no significant effect
on apoptosis or necrosis; how-
ever, it significantly modulated
the increase in apoptosis and
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are key proteins involved in tight junction formation of brain
endothelial cells, were found, after 7KC treatment. Rather,
there was a concentration of the tight junction proteins ZO-1
and claudin-5 towards the nucleus of the cells as observed by
immunocytochemistry. These results are similar to a previ-
ous study in smooth muscle cells, which reported that ZO-1
was translocated to the nucleus following treatment with
7KC (Cho et al. 2018). 7KC and other oxysterols Sa,60-and
5B,6B-epoxycholesterol, 7a-and 7p-hydroxycholesterol also
induced perturbation of spatial localization of the tight junc-
tion proteins, such as zonula occludens-1 (ZO-1), occludin
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7KC ET TKC+ET

and Junction Adhesion Molecule-A (JAM-A) in differen-
tiated CaCo-2 cells (Deiana et al. 2017). Disturbance of
the proper localization of tight junction proteins in brain
endothelial cells might affect BBB function.

The mode of cell death, after 7KC treatment was then
determined. This is in view of potentially conflicting reports
that 7KC causes endothelial cell death by apoptosis (Zhou
et al. 2006; W. Li et al. 2011), or necrosis (Ghelli et al. 2002;
Hans et al. 2008). In this study, we directly compared the
mechanism(s) of cell death in the same experiment by flow
cytometry. An increase in apoptosis, as seen by an increase
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vC

7KC

7KC +
ET

Fig.5 Effect of 7KC and ET on cellular localization of blood—brain
barrier tight junction proteins, determined by immunocytochemistry.
hCMEC/D3 cells were pre-treated with 1 mM ET for 1 h, followed by

in the population of phosphatidylserine-positive endothe-
lial cells, was found after 7KC treatment. This is consistent
with previous studies which showed that 7KC induces ROS
production, ATM/Chk2, ATR-Chk1 and p53 signalling path-
ways, GO/G1 cell cycle arrest and apoptosis in endothelial
cells (Chang et al. 2016) and human vascular smooth muscle
cells (Pedruzzi et al. 2004; Ohtsuka et al. 2006). Interest-
ingly, however, an almost equal number of cells were found
to be positive for 7-AAD, which is a marker for necrosis.
Increase in both these markers therefore indicate that 7KC
induces both apoptosis and necrosis in brain endothelial
cells. ET had not effect by itself but significantly reduced
7KC-induced cell death by both apoptosis and necrosis. It
is nonetheless possible that apoptosis and necrosis are not
the only forms of cell death induced by 7KC.

Since 7KC is thought to be an inflammatory mediator
in cardiovascular disease, we sought to determine whether
7KC could induce inflammation. A marked increase in the
pro-inflammatory cytokines IL-1f, IL-6, IL-8, and TNF-a
gene expression was observed after treatment with 30 pM
and 50 pM 7KC, indicating that 7KC induces inflammation
in hCMEC/D3 brain endothelial cells. These results are con-
sistent with an observed induction of inflammation by 7KC
in other cell types. For example, 7KC was reported to induce
apoptosis and release pro-inflammatory cytokines IL-1f
and TNFa, and increase expression of adhesion molecules
ICAM-1, VCAM-1 and E-selectin in HUVECs (Lemaire
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Claudin-5

co-treatment with 50 pM 7KC for 24 h. 7KC induced a movement of
Z0-1 and claudin-5 towards the nucleus, but this change of distribu-
tion was abolished by ET. Scale bar=40 pm

et al. 1998). In another study, it was demonstrated that IL-8
expression was increased with the increasing concentra-
tions of 7KC in HUVECs (Chang et al. 2016). 7KC has
been found to induce the expression of IL-1p, IL-6 and IL-8
in human retinal pigment epithelial cells with similar expres-
sion fold changes as that reported in this study (4- to 18-fold
increases) (Huang et al. 2014). Increased NF-kB transloca-
tion is found during 7KC-induced inflammation (Larrayoz
et al. 2010) which could give rise to an upregulation of
cytokines, chemokines and adhesion molecules (Lawrence
2009). 7KC has also been shown to increase inflammation
by activating Nlrp3 inflammasomes in endothelial cells (X.
Lietal. 2014; Koka et al. 2017; Yuan et al. 2018).

We next examined whether the 7KC-induced increase
in inflammation could be modulated by ET. Co-treatment
with ET significantly attenuated 7KC-induced induction of
pro-inflammatory genes, IL-1p, IL-6, IL-8, TNFa, NF-kB
and COX2. The cyclooxygenase (COX) family of enzymes
(COX1 and COX?2) catalyse the rate-limiting step in the syn-
thesis of prostaglandins. COX1 is constitutively expressed
and involved in homeostasis, whereas COX2 is the inducible
cyclooxygenase that is upregulated during inflammation,
and plays a critical role in generation of proinflammatory
eicosanoids. COX2 gene expression is induced by cytokines
(Seibert and Masferrer 1994), including IL-1p (Dinarello
2002) and TNFa (Qiu et al. 2016). Since an upregulation
of TNF-a gene expression was found after 7KC treatment,
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we postulate that this could lead to increased COX2 expres-
sion and activity. It was found that 7KC induces not only an
increase in COX2 mRNA expression but also an increase
in COX2 enzymatic activity. Importantly, ET significantly
attenuated the 7KC-induced increase in both COX2 mRNA
expression and activity. Moreover, the protective effect of ET
was significantly reduced by co-incubation with an inhibitor
of OCTNI1 (VHCL). This shows that ET needs to enter the

7KC ET TKC+ET

endothelial cells to have a protective effect, and not perhaps
act via extracellular neutralizing of 7KC. Further studies are
necessary to determine whether ET inhibits COX-2 directly.

Since 7KC is mainly formed by free radical attack on cho-
lesterol, its ability to produce inflammation may be a way in
which the oxysterol could propagate oxidative stress. COX2
metabolizes arachidonic acid to produce eicosanoids which
are proinflammatory in nature. Moreover, free radicals, such
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Fig.7 Effect of ET on 7KC- A IL-1B B IL-6
induced increase in mRNA
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as superoxide radicals, are formed by the metabolism of ara-
chidonic acid (Marks and Furstenberger 2000). Although
this study focusses on endothelial cells, it is likely that this
process could also occur in other cell types of the body.
The findings of a potent anti-inflammatory properties of ET
could position it as a therapeutic candidate for treatment of
inflammatory diseases. Besides ET, phytochemicals from a
large number of plants around the world have been reported
to have anti-inflammatory effects (Reviewed in (W.Y. Ong
et al. 2017).

7KC can be taken up through the diet, e.g. meat products
that are exposed to sunlight and heat (Hernandez Becerra
et al. 2014). However, more recent studies indicate that
much of the dietary 7KC is metabolized by the liver (Lyons
et al. 1999), and that most circulating 7KC is endogenously
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produced by oxidation of cholesterol within the body, e.g. in
hypercholesterolemia or diabetes mellitus (Murakami et al.
2000). A protective effect on brain endothelial cells suggests
that ET might be useful as a nutraceutical for the prevention
or management of neurovascular diseases, such as stroke or
vascular dementia. Moreover, the ability of ET to cross the
BBB could point to its usefulness in combatting 7KC that is
produced in the CNS during neuroinflammation (W. Y. Ong
et al. 2003; He et al. 2006; Kim et al. 2010), e.g. in chronic
neurodegenerative diseases (Testa et al. 2016) and possibly
COVID-19-induced neurologic complications (Cheah and
Halliwell 2020; W. Y. Ong et al. 2020).

Further studies are necessary to elucidate the detailed
mechanism of the protective effect of ET against 7KC-
induced inflammation.
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Fig.9 Effect of ET on 7KC- A
induced increase in COX-2
mRNA expression (A) and
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